The aim of this paper is to propose an analytical model of chip formation for precise prediction of orthogonal cutting of Ti6Al4V. This alloy is used broadly in aerospace components; hence, prediction of thermomechanical parameters of its orthogonal cutting is crucial for various industrial applications. The suggested analytical model needs only cutting parameters and tool geometry as input; it can predict not only cutting forces but also main features of a primary shear zone and a tool-chip interface. A non-equidistant shear zone model is employed to calculate shear strains and a shear strain rate in the primary shear zone, and a simplified heat-transfer equation is used for temperature. A Calamaz-modified Johnson-Cook material model that accounting for flow softening at high strains and temperature-dependent flow softening is applied to assess shear stresses in the primary shear zone. In addition, a shear-angle solution is modified for Ti6Al4V. At the tool-chip interface, a contact length, equivalent strain and an average temperature rise are defined. Besides, the effect of sliding and apparent friction coefficients is investigated. For a sawtooth chip produced in the cutting process of Ti6Al4V, the segmentedchip formation is analysed. A chip-segmentation frequency and other parameters of the sawtooth chip are also obtained. The predicted results are compared with experimental data with the cutting forces, tool-chip contact length, shear angle and chip-segmentation frequency calculated with the developed analytical model showing a good agreement with the experiments. Thus, this analytical model can elucidate the mechanism of the orthogonal cutting process of Ti6Al4V including predictive capability of continuous and segmented chip formation.
Improved analytical prediction of chip formation in orthogonal cutting of titanium alloy Ti6Al4V
Introduction
Modelling of chip formation in metal cutting has been of interest to researchers and engineers for decades. This interest stems from the need to understand the effect of machining on a workpiece in terms of residual stress induced, surface characteristics, etc. An adequate analytical model for orthogonal cutting could provide benefits in revealing mechanisms of the cutting process as end-users may easily assess machining quality without having to conduct expensive and time-consuming physical or computational experiments.
Titanium alloys, such as Ti6Al4V, is commonly used in aerospace and biomedical applications thanks to their high mechanical, fatigue and corrosion resistances. However, it is a difficult-to-machine material with complicated chip formation that should be assessed accurately.
Oxley [1] summarized several representative models developed to analyse an orthogonal cutting process; a shear-plane model of Ernst and Merchant [2] , a slip-line field model of Lee and Schaffer [3] , a nonequidistant shear-zone model of Tounsi et al. [4] and some other. Adibi-Sedeh [5] and Lalwani et al. [6] extended these models to a broader class of materials by incorporating a Johnson-Cook [7] material model; as a result, forces, temperatures and stress fields at primary shear zone can be obtained.
Contact mechanics is of great importance for machining. To this end, several solutions were developed to characterize complexity of a toolchip interface, namely, pure sliding contact, pure sticking contact, or a combination of both. Özel [8] compared five different friction models and found that variable friction models should be more effective. Zorev [9] observed the distributions of normal pressure and shear stresses on a rake face, and proposed a broadly used scheme with a sticking zone and a sliding zone distributed away from a tool tip along its rake face. Childs [10] verified this model with a quick-stop test. Özel et al. [11] modified temperature models suggested by Oxley to evaluate average temperature of a tool-chip interface and proposed a methodology to determine flow stress by considering simplified friction characteristics. Ozlu et al. [12] analysed the sticking and sliding friction regimes quantitatively with cutting and non-cutting tests. Then, Molinari et al. [13] comprehensively a link between local parameters and overall friction characteristics with numerical and analytical models. Besides, Bahi et al. [14] introduced a transition zone between sliding and sticking zones. However, a simplified model considering main friction characteristics is needed.
Another challenge is an understanding of chip segmentation in machining of Ti6Al4V. Periodic shear bands in a chip are observed to form due to adiabatic shear behaviour. Formation of sawtooth chips is re- sponsible for fluctuations of cutting forces observed in machining. To date, few studies theoretically analysed chip segmentation with complex morphology. Dinzart et al. [15] studied a structure of adiabatic shear bands in thermo-viscoplastic materials. Molinari et al. [16] discussed a shear-band width and a chip-segmentation frequency and proposed an approximated relationship. A thermomechanical shear instability model considering several heat sources was presented by Hou et al. [17] . Some studies used numerical modelling such as finite-element schemes [18, 19] to study these phenomena. Hua and Shivpuri [20] performed implicit, Lagrangian, non-isothermal rigid-viscoplastic finiteelement simulations to analyse cracks in chip segmentation. Ducobu et al. [21] assessed chip formation in Ti6Al4V with a numerical model and estimated a teeth-formation frequency. Miguélez et al. [22] and Liu et al. [23] analysed the influence of cutting velocity and feed on chip-segmentation frequency and compared their numerical results with experiments. To the best of authors ' knowledge, no analytical model has been proposed for segmented-chip formation that can predict adequately geometrical features of sawtooth chips and the chipsegmentation frequency.
In this study we intend to establish an analytical model for orthogonal cutting allowing relatively simple and accurate predictions of chip formation in Ti6Al4V. In Section 2 , numerical modelling of a primary shear zone is introduced. Friction and tool-chip contact conditions are studied in Section 3 . By selecting a shear angle from the tool-chip interface, parameters of both primary shear zone and tool-chip interface can be predicted. In Section 4 , a model for chip segmentation is proposed based on analysis of geometry and stress-strain states in a sawtooth chip. The results predicted with the developed analytical model are compared with the experimental data in Section 5 .
Modelling of primary shear zone
Modelling deformations in a shear zone of a workpiece in machining is challenging. The non-equidistant shear-zone model of a primary shear zone (PSZ) was proposed by Tounsi et al. [4] , based on the parallel-sided shear zone model [1] . The model shows that the shear zone is divided into narrow and wide areas; this was validated by Astakhov et al. [24] . Many researchers [25] [26] [27] used this model to predict cutting forces. As shown in Fig. 1 , the primary shear zone is a straight band of thickness h (i.e. the region between the inlet boundary CD and the outlet boundary EF), which is divided by the proportion k . And the main shear plane AB, the inlet shear plane CD and the outlet shear plane EF are parallel. Two coordinate systems are defined, ℜ = { o , , , } and ℜ = { o , , , } . The cutting tool is assumed to be rigid with a sharp edge and rake angle . The undeformed chip thickness and its final magnitude are denoted with t u and t c respectively. The cutting velocity V , chip velocity V c and shear velocity V s constitute a triangle as shown in Fig. 1 .
To calculate flow stress in the PSZ, the Johnson-Cook [7] material model is widely used. Parameters for this model can be identified with Split-Hopkinson pressure bar tests, or cutting tests, as Lee and Lin [28] for Ti6Al4V. The strain rates range from 0.0001 s − 1 to 3000 s − 1 with temperature up to 1200 °C, the maximum plastic strain is 0.6 mm/mm [28] [29] [30] with no consideration for strain-softening. Calamaz et al. [31] modified the Johnson-Cook model by including temperature-dependent flow softening at high strains, so shear stress can be expressed as follows:
[ tanh
where the unknown parameters A, B, C, n and m of the Johnson-Cook material model are obtained from the work of Mayer and Kleponis [30] , where the strain rates ranged from 0.0001 s − 1 to 2150 s − 1 with a strain up to 0.57 mm/mm. Other material constants b, d, r and s are chosen from Sima and Özel [32] , where the experimental data for A, B, C, n and m was obtained by Lee and Lin [28] with lower experimental strains. The parameter b affects the peak flow stress in the temperature-dependent flow softening part, while the parameter d controls an extent of temperature dependency of parameter D . The parameter r controls thermal softening and the trend of softening; the parameter a determines the flow softening at high strains in the strain-hardening part; it is chosen as 0.5. The parameters of the Calamaz-modified Johnson-Cook material model for Ti6Al4V alloy are shown in Table 1 . The room temperature T r was 20 °C, and the melting temperature T m is 1660 °C. In the non-equidistant shear zone model, the levels of shear strain and shear strain rate ̇can be calculated from [33] :
where ̇ is the maximum shear strain-rate on AB, q is the non-uniform power-law distribution of tangential velocity in the primary shear zone; it is assumed that q = 3 for low-velocity cutting [25] . The shear angle is represented by . Thickness of shear zone h was proposed by Grzesik [34] as
In the PSZ, the shear zone may be regarded as a heat source, where instantaneous temperature T can be calculated from a well-known heat transfer equation [25] . A diffusion term can be ignored because of a high temperature and a small spatial scale in the shear zone. In a steady state, the derivative of temperature is zero. Thus, the heat transfer equation can be simplified with only convective and heat source term as
where is the Taylor-Quinney coefficient, is the workpiece density, C p is its thermal capacity. A temperature distribution in the shear zone can be obtained by integrating over y s . Ignoring minor variations of length of AB, CD and EF in the narrow shear zone, the shear strain, shear strain rate and temperature field can be calculated from Eqs. (2) - (7) ( Fig. 2 ) . The maximum shear strain-rate appears in primary shear plane AB, with the shear strain and temperature increasing from CD to EF with the movement of material from undeformed workpiece to the deformed chip.
To solve the equation, the shear angle should be defined. Moufki et al. [35] proposed a model for the shear angle model as:
where is the mean friction angle at the tool-chip interface (discussed in Section 3 ), A 1 and A 2 are material constants to be identified in experiments. Two additional equations were broadly used for many types of materials to represent the relationship between , and the apparent friction angle . Ernst and Merchant [2] and Lee and Shaffer [3] proposed shearangle relations successively as:
However, these two solutions are not applicable to all materials. Fig. 3 shows experimental results for the shear angle in aluminium alloys, brass and titanium alloy. Straight line I represents the relation obtained from the model by Ernst and Merchant (i.e. Eq. (9) ) and line II represents the relation based on the model by Lee and Shaffer (i.e. Eq. (10) ). Both models predict the response of 2024-T4 and 6061-T6 aluminium alloys reasonably well. However, predictions for alpha brass and Ti6Al4V alloy are poor. Experimental results for Ti6Al4V used here are from Cotterell and Byrne [36] [37] [38] . A least-square fit of the data was carried out; it is represented by line III. This fitted line may now be used to establish the relation between and − in Eq. (8) , from which material constants A 1 and A 2 were obtained as 61°and − 1, respectively.
Analytical model for tool-chip interface
Here, the dual-zone modelling approach is implemented to represent the shear-zone mechanics between the chip and the rake face the tool [39] . Essentially, the tool-chip interface is divided into a sticking zone and a sliding zone as shown in Fig. 4 . In the former, a tool-chip contact condition is assumed to be of plastic deformation due to high normal pressure exerted on the tool, with the contact length L P . Consequently, the contact condition is assumed to be elastic in the sliding zone with a contact length of L C − L P , where L C is the total tool-chip contact length. Another coordinate system ℜ = { o , , , } is defined, where y c is in the direction of tool-chip interface from the tool tip and x c is perpendicular to the tool-rake face. Thus, the direction of x c has an inclination − to shear band AB. As shown in Fig. 4 , the secondary shear zone (SSZ) has a length of L P and thickness of t c , where is a thickness ratio assumed to be 0.05 according to the study by Mathew and Oxley [40] . The chip thickness can be expressed as
The chip velocity V c is assumed to be uniform in the chip except for the region spanning the SSZ, where the chip velocity decreases in the − x c direction, with the chip velocity vanishing at the sticking zone. Besides, several experimental results showed that the normal pressure decreased along the tool's rake face [41, 42] . Thus, the pressure distribution p ( y c ) at the tool-chip interface is assumed to be
where p 0 is the pressure on the tool tip. The coordinate y c is the distance from the tool tip along the tool-chip interface. The pressure-distribution exponent is assumed as 2 according to Childs et al. [43] . Based on chip equilibrium [35] , p 0 may be expressed as
where psz is the magnitude of shear stress at the exit of the primary shear zone. Thus, psz equals to the shear stress of the shear band EF EF , obtained in Section 2 . The global friction angle, , can be calculated as tan − 1 a , where a is the apparent (i.e. global) friction coefficient. The tool-chip contact length is determined using the relation proposed by Oxley [1] , the final relation is given by = sin ( + − ) sin cos
Another relation for L C [35] was widely used for many materials [12, 44] :
However, the studies indicate that the tool-chip contact length in Eq. (15) overestimates the results experimentally determined for Ti6Al4V irrespective of the choice of . Eq. (14) is more suitable for Ti6Al4V than Eq. (15) to predict L C as shown in Section 5 .
The relationship between the apparent friction coefficient a and the sliding friction coefficient sl is obtained by Budak and Ozlu [39] . In our proposed model, for a given initial value of a , the sliding friction coefficient sl and the length of sticking zone L P can be calculated as
where sy is the shear yield stress of the material, which is also equal to the shear stress at the exit of the primary shear zone EF .
The calculated values of the contact length and friction at the toolchip interface are shown in Fig. 5 (a) for different cutting speeds and feeds (i.e. the same value of undeformed chip thickness t u ). The toolchip contact length L C and sticking contact length L P decrease slowly with cutting speed and increase with feed. Obviously, the feed has a more significant effect on L C than on L P . It can also be seen in Fig. 5 (b) that the apparent and sliding friction coefficients decrease with cutting speed, and both decrease with increasing feed rate. Another crucial phenomenon is the fact that the sliding friction coefficient is larger than the apparent friction coefficient in different cutting conditions, was validated by Ozlu et al. [12] .
The shear stress at the tool-chip interface int is obtained from the following equation:
where F is the friction force at the tool-chip interface, which can be determined from the geometric relations for the primary shear zone [1] ; F s is the shear force along shear plane AB, which is evaluated using
where AB is the shear stress at the primary shear plane AB. At the tool-chip interface, the SSZ is assumed to be a rectangular zone of thickness t c . The equivalent maximum strain rate is given by the von Mises criterion:
The equivalent strain at the tool-chip interface is expressed as
where AB is the shear strain at the primary shear plane AB, (= ∕ ) is the maximum shear strain at the tool-chip interface. The shear-strain coefficients 1 and 2 are chosen as 2 and 0.5, respectively [6] . However, the numerical modelling of orthogonal cutting based on Sima and Özel [32] was carried out for Ti6Al4V; Fig. 6 (a) shows the strain field in the process zone. The numerical model was validated with data from orthogonal cutting experiments with Ti6Al4V at different cutting conditions and in our prior studies [45, 46] as well. In the SSZ, the average equivalent strain is ∼3. Based on this, the coefficients 1 and 2 were modified to 2 and 0.2, respectively, to fit this material.
The average temperature at the tool-chip interface is calculated as
where T EF is the temperature at the exit of the primary shear zone, ΔT M is the maximum temperature rise in the chip occurring at the interface, is the partition coefficient of ΔT M to the tool-chip interface. In addition, ΔT M can be obtained by assuming a rectangular heat source at the interface as suggested by Boothroyd [47] . Considering the effect of different materials on a temperature rise, the relationship between material properties, tool-chip geometrical dimensions and a temperature rise may be modified as log 10
where ΔT C is average temperature rise in the chip, R T is the nondimensional thermal number, K is the thermal conductivity of the [1] . Considering Ti6Al4V, the temperature field of chip formation is shown in Fig. 6 (b) . Thus, 3 was optimized as 0.56 and was 0.46, yielding int to be close to 700 °C at the tool-chip interface. Fig. 6 also demonstrates the serrated chips, which is discussed in Section 4 .
In the SSZ, the Johnson-Cook constitutive equation is still valid for material behaviour [14] . Based on the above equations, the shear flow stress int can be obtained with the Johnson-Cook material model as
where, in the secondary shear zone, shear behaviour is less intense than that in the primary shear zone, and the strain rate is far lower than in the latter. So the Johnson-Cook material model is sufficient, without having to employ the modified equation in (1) . The shear stress int is calculated based on the resultant force at the primary shear plane AB. However, shear flow stress int of the material corresponds to the strain, strain rate and temperature at the tool-chip interface. These two variables are both functions of the shear angle. They are described employing mechanical and physical characteristics, which have no essential difference. Thus, the shear angle is selected, when shear stress int equals the shear flow stress int at the tool-chip interface [5] . The variations of int and int with shear angle are shown in Fig. 7 for a cutting speed of 60 m/min and a feed of 0.1 mm/rev. It can be seen that there are two points of intersection of the curves (labelled Intersection I and II in Fig. 7 ) . From a practical standpoint Intersection I is chosen to obtain the shear angle for the reason explained by Oxley [1] . The value of shear angle, , is expected to decrease from a relatively high value at the start of the cutting process; thus, the first point of equilibrium would be Intersection I. Additionally, many experimental results show that the shear angle for Ti6Al4V varies between 30°and 50° [36, 49] . So, the choice of Intersection I is deemed correct.
Thus, the cutting force F c and the thrust force F t can be expressed as
In this section, most variables at the tool-chip interface are calculated with a single value instead of a field as in Section 2 (since these variables do not vary too much) in order to simplify the analysis.
In Sections 2 and 3 , an accurate and efficient model for prediction of chip formation was presented. A flow chart of the essential steps followed in the analytical model is shown in Fig. 8 . The proposed model is applicable for other metallic materials with suitable parameter calibration.
Modelling of segmented chip formation
For many difficult-to-machining materials, such as Ti6Al4V, serrated chips are generated in a cutting process. In the chip-formation process, when a critical strain is reached, a shear band is formed. Thus, the resulting chips consist of chip segments separated by narrow bands with thickness of sb as shown in Fig. 9 .
In Sections 2 and 3 , chip segmentation was not considered in the shear processes in primary and secondary shear zones. Thermomechanical behaviour in shear zone and shear band should have a reciprocal effect. However, these zones are extremely narrow and complex. Parameters investigated mostly in primary and secondary shear zone, e.g. cutting forces, are average values, not accounting for the fluctuations due to formation of a sawtooth chip. Geometry of segmented chips can be described using the maximum thickness of sawtooth chip H , the chip thickness at local shear deformation h l , the sawtooth shear angle saw , the shear band projection p sb and the distance of sawtooth chip segmentation p c . The chip compression ratio h is defined as
where the shear angle was determined in Section 3 .
The equivalent chip thickness of the segmented chip t c is expressed as
It consists of two parts: the chip thickness at local shear deformation h l and a trapezoidal chip sawtooth matrix [50] .
However, h l is unknown. In this paper, h l is assumed to be a multiple of the equivalent chip thickness t c . The linking factor is not a constant but changes with the value of undeformed chip thickness t u . Thus, the h l is given by
where the coefficients 1 and 2 are constants. Here, h l depends on variations in undeformed chip thickness t u . By measuring H and h l from experimental chip morphology Fig. 10 ) in sawtooth chip with two groups of cutting conditions, 1 and 2 were determined as 0.6 and 2 from Eqs. (28) and (29) . The angle between the shear plane and the topside edge of the chip is given by saw , which is an important parameter of segmented chip formation. He et al. [51] analysed shear strains in a chip segment; a material within a parallelogram of the undeformed chip is converted into a trapezoidal shape as a result of tool motion as shown in Fig. 9 . Shear strain in the primary shear plane is assumed to be shear strain of the chip segment. Thus, a relationship between shear strain at the primary shear plane AB and the sawtooth shear angle saw is given as
where AB can be calculated following Section 2 .
The area between two protrusions in the chip formation is represented by triangle A ′ B ′ C ′ ( Fig. 9 ) , with its sides A ′ B ′ and A ′ C ′ equal to the distance of sawtooth chip segmentation p c and the shear band projection p sb . Thus, the shear band projection p sb can be expressed as The distance of sawtooth chip segmentation p c can be determined by the law of sines with the relation between the sides and the angles of triangle A ′ B ′ C ′ as
where p c can be calculated as
The chip-segmentation frequency can be expressed as the chip velocity divided by the distance of sawtooth chip:
Based on the above analysis, chip morphology and the chipsegmentation frequency can be predicted. A flow chart of the analytical model for segmented chip formation is shown in Fig. 11 . Fig. 12 shows the maximum thickness of the sawtooth chip and the distance of chip segmentation for different cutting speeds and feeds. The maximum thickness of the sawtooth chip ( H ) decreases slightly with cutting speed and increases with feed, which is always larger than the undeformed chip thickness. In contrast, the extent of variation of the distance of chip segmentation ( p c ) with cutting speed is lower. This parameter retains a nearly constant level of different cutting speeds with a certain degree of chatter. In addition, the higher feeds such as 0.075 mm/rev and 0.1 mm/rev show similar magnitudes of p c compared to the lower feed of 0.05 mm/rev. This interesting phenomenon results in the fact that the chip segmentation frequency varies linearly with cutting speed and has a similar tendency at higher feeds, as validated in Section 5 (see Fig. 18 ).
Results and discussion
The developed analytical model of chip formation can predict more parameters than traditional schemes: not only cutting forces, a shear angle, a tool-chip contact length, a chip segmentation frequency, but also characteristics of a primary shear zone and a tool-chip interface. In this section, the proposed model is verified by experimental results of orthogonal cutting tests by Cotterell and Byrne [36] [37] [38] , performed on a series of 2 mm-thick Ti6Al4V flat disks. The material was in the annealed state with an equiaxed -microstructure. Uncoated fine-grained WC inserts (TPUN 1603 08 H10F) with a flat rake face and a cutting edge radius of circa 5 m were used as cutting tool. The tool's rake face was at 6.5°. Details of the experiments are available in [35] [36] [37] .
For our analytical model, the tool parameters were chosen the same as in the experiments, with the cutting speed varied from 20 m/min to 140 m/min, a cutting width of 2 mm. The Taylor-Quinney coefficient of the workpiece was 0.85, the workpiece density was 4520 kg/m 3 , its thermal capacity C p was 610 J/(kg K) and thermal conductivity K was 7 W/(m K) [14] . Fig. 13 shows a comparison of predicted cutting force F c and thrust force F t with the experimental data for different cutting speeds at feeds of 0.05, 0.075 and 0.1 mm/rev. Apparently, the predicted forces corresponds well with the experimental results, especially for the cutting forces. Both types of forces decreased with an increase in the cutting speed. However, the cutting forces decreased more slightly than the thrust ones. Both the cutting and thrust forces increase with an increase in feed. Obviously, the experimentally measured thrust forces have a larger variation, since continual tool wear affected the tool-chip friction, the cutting-edge radius and the distribution of resultant forces.
The shear-angle magnitude calculated with the model was also compared with the experimental data ( Fig. 14 ) . It can be seen that this parameter increased with an increase in the cutting speed up to about 45°. The experimental data for apparent shear angles for a feed of 0.1 mm/rev was determined from the chip-velocity data. The experimental shear angles had a degree of scatter with magnitudes higher than the analytically predicted values. Still, the predicted trends are reasonable considering a spread of experimental results.
The tool-chip contact length L C was determined from measurements of video image obtained with a high-speed monochrome camera. The experimental and predicted results are shown in Fig. 15 . The tool-chip contact length decreased from 0.16 mm to 0.12 mm. Therefore, for Ti6Al4V, the computational formula for the tool-chip contact length presented in Eq. (14) is reliable, although in the literature Eq. (15) is used extensively. Fig. 16 shows a comparison of the predicted apparent friction coefficient a with experimental data. This parameter was determined from cutting-force measurements; its net variation was small. The model also predicted the shear strains at the primary shear zone, which are compared with experiments in Fig. 17 . It can be seen that these shear strains were essentially 0.85 over a wide range of cutting speeds. The segmented chip formation is a fundamental phenomenon in machining of Ti6Al4V, with the chip-segmentation frequency f seg being its main characteristic. The predicted frequency and the experimental data for different cutting speeds at feeds of 0.05, 0.075 and 0.1 mm/rev are shown in Fig. 18 , with the experimental data obtained from video recordings. The orthogonal cutting tests of Ti6Al4V were recorded with a high-speed camera with an acquisition frequency of 24 kHz, where the chip-segmentation frequency was determined by analysing the video recordings. The predicted results are in good agreement with the experimental results. The chip-segmentation frequency has a significant linear relationship with the cutting speed for in three different feeds, with the chip segmentation frequency increasing linearly with cutting speed and decreasing with feed. In addition, the chip-segmentation frequency for higher feeds shows a similar tendency when compared to smaller depthof-cut (feed) magnitudes.
Conclusions
In this study, an analytical model of chip formation in orthogonal cutting was proposed for Ti6Al4V. It was used to analyse the primary shear zone, the tool-chip interface and formation of segmented chips. The proposed analytical model can predict both continuous and segmented chip depending on the material and machining conditions.
Conclusions from this study are as follows:
(1) The non-equidistant shear zone model was employed to calculate shear strains and the shear strain rate in the primary shear zone, and the simplified heat transfer equation was used for temperature predictions. This approach was used to assess fields of shear strain, shear strain rate and temperature in the primary shear zone. (2) The Calamaz-modified Johnson-Cook material model was employed to calculate shear stresses in the primary shear zone; it considered flow softening at high strains and temperaturedependent flow softening as more suitable for the cutting process. (3) A modified shear-angle solution was presented, which was different from the classical Ernst-Merchant and Lee-Shaffer models. The predicted and experimental magnitudes of shear angle demonstrated adequacy of the suggested scheme. (4) For the tool-chip interface, two models for the contact length were compared, and the one based on Eq. (14) was found to be better for Ti6Al4V. Additionally, the modified solutions for the equivalent strain and the average temperature rise were validated with the FE results. (5) The model of segmented-chip formation was developed based on the analysis of geometrical characteristics of the sawtooth chip and used to predict the chip-segmentation frequency. (6) Comparisons of the results predicted with the suggested analytical approach and the experimental data showed that the cutting forces, the tool-chip contact length, the apparent friction coefficient and shear strains in the primary shear zone decreased gradually with the cutting speed. The shear angle increased with the cutting speed up to ∼45°. The chip-segmentation frequency increased linearly with the cutting speed and decreases in feed.
The effect of chip segmentation on transient cutting forces and temperature will be investigated in our future work.
